The identification of all the substrates of every protein kinase is one of the major challenges of post-genomic research. Here we review a powerful method for tackling this problem that we have developed over the last 5 years. The method has so far been used to identify novel substrates for eight different protein kinases, demonstrating that it is of general utility. Importantly, the method can be used to identify distinct physiological substrates of protein kinases, such as PKB (protein kinase B) and SGK (serum-and glucocorticoid-induced kinase), that are closely related in structure and have similar specificity determinants.
INTRODUCTION
Fifty years after the discovery of the first protein kinase-substrate relationship, namely the activation of glycogen phosphorylase by phosphorylase kinase, only a small fraction of the kinasesubstrate pairs estimated to exist have so far been identified. Indeed, the identification of all the substrates of every protein kinase must represent one of the major challenges of post-genomic research. Substrate identification is crucial to gain a detailed molecular understanding of the full repertoire of cellular functions that can be modulated by extracellular signals. It has become obvious that many more powerful methods are going to be needed to address this problem. This review describes one such method, termed KESTREL (kinase substrate tracking and elucidation) that we have introduced and that we and others have exploited over the last 5 years [1] .
THE DEVELOPMENT OF KESTREL
In theory, the simplest way to identify the substrates of a protein kinase would be to incubate cell extracts with Mg[γ -32 P]ATP and the kinase of interest and to see which proteins in the extract become 32 P-labelled. These proteins could then be purified and identified by MS. However, in practice, this approach has rarely been attempted for several reasons. First, cell extracts contain all the protein kinases that are expressed in that cell, as well as their substrates. Thus hundreds of proteins become phosphorylated upon incubation with MgATP and this high 'background' phosphorylation would be expected to interfere with the detection of substrates following the exogenous addition of another kinase to the extracts. Secondly, many protein kinases can phosphorylate proteins in vitro that are not their physiological substrates.
Therefore proteins identified by such procedures may not turn out to be bona fide substrates. Thirdly, the purification of substrates from a cell extract and their identification can be a difficult and time-consuming process, not to be undertaken without having some confidence that the purified proteins are likely to be physiologically relevant. Fourthly, until recently, and, in the absence of genome sequences, low-abundance proteins were difficult to identify, because methods for their detection were insufficiently sensitive.
We have been able to overcome the above-mentioned problems for detecting and identifying cellular substrates of protein kinases by the introduction of a few simple tricks and by exploiting recent advances in protein analysis. The high background produced by incubation of cell extracts with Mg[γ -32 P]ATP can, of course, be reduced by using short incubation times, high concentrations of the added kinase and ATP of very high specific radioactivity. For the last mentioned reason, it is therefore essential to deplete the extracts of ATP and other nucleotides by gel-filtration or dialysis before beginning the analysis. Moreover, subjecting cell extracts to an initial step of ion-exchange chromatography separates endogenous kinases from most of their substrates, and also concentrates the latter, greatly reducing the background problem and increasing the likelihood of detecting substrates that may be missed in total cell extracts [1] . Furthermore, we found empirically that, for many protein kinases, MnATP can be used as the substrate instead of MgATP, which greatly reduces the background noise.
However, perhaps the key innovation that we introduced was to perform the KESTREL screen in parallel using two or three closely related protein kinases whose substrate specificities are very similar towards peptide and/or protein substrates normally used to assay their activities in vitro. The aim of the screen is Abbreviations used: ARE, AU-rich element; CapZIP, CapZ-interacting protein; CDK, cyclin-dependent protein kinase; CRHSP24, calcium-regulated heatshock protein of 24 kDa; CRMP, collapsin-response mediator protein; EF2, elongation factor 2; EF2K, EF2 kinase; ERK, extracellular-signal-regulated kinase; FLNc, filamin C; GSK3, glycogen synthase kinase 3; HEK, human embryonic kidney; hnRNP, heterogeneous nuclear ribonucleoprotein; HSP27, heat-shock protein of 27 kDa; IGF-1, insulin-like growth factor 1; JNK, c-Jun N-terminal kinase; KSHV, Kaposi sarcoma-associated herpesvirus; KESTREL, kinase substrate tracking and elucidation; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; MAPKAP-K2, MAPK-activated protein kinase-2; METTL1, methyltransferase-like protein 1; MKK1, MAPK kinase-1; NDRG, N-myc downstream-regulated gene product; PDK1, 3-phosphoinositidedependent kinase 1; PIC, pro-inflammatory cytokine; PI3K, phosphoinositide 3-kinase; PKB, protein kinase B; PNGase, peptide N-glycanase; SAPK, stress-activated protein kinase; SAKS1, SAPK-substrate 1; SGK, serum-and glucocorticoid-induced protein kinase; TNF, tumour necrosis factor; UBA, ubiquitin-associated; UBX, ubiquitin-like; VCP, valosin-containing protein. 1 To whom correspondence should be addressed (email p.cohen@dundee.ac.uk).
Table 1 The KESTREL protocol
The average time taken for each step is indicated in parentheses.
1.
Detect major proteins that are phosphorylated by the kinase of interest that are not phosphorylated by related kinases with similar specificities in vitro (days) 2.
Identify proteins by further purification and tryptic mass fingerprinting (a few weeks) 3.
Show protein is phosphorylated stoichiometrically and at a similar rate to an authentic physiological substrate (less than 1 day) 4.
Identify site of phosphorylation (a few days) 5.
Raise antibodies specific for the phosphorylation site (2-3 months) 6.
Show that the site is phosphorylated in vivo in response to stimuli that are known to activate the kinase of interest. Show that phosphorylation is prevented by drugs that inhibit the activity or activation of the kinase of interest (1 week-2 months) 7.
Show that phosphorylation does not occur in knockout mice lacking the kinase of interest (quick if mice are available!) 8.
Identify the function of the substrate. Then study the effect of phosphorylation on the function of the substrate, e.g. changes in activity, stability, subcellular location and interactions with other proteins (variable) to detect proteins that are phosphorylated by just one of several closely related protein kinases, which greatly enhances the probability of detecting physiologically relevant substrates [1] . Finally, the development of rapid high-resolution methods for protein purification, coupled with the advent of tryptic mass fingerprinting and tandem-MS microsequencing technology, plus the availability of near-complete mammalian genome sequences, has made the purification and identification of substrates a reasonably rapid and relatively routine procedure.
SUBSTRATE VALIDATION AND CHARACTERIZATION
Once a substrate has been identified, the next steps are to identify the site(s) of phosphorylation, followed by the generation of appropriate phospho-specific antibodies that recognize these sites specifically. An antibody also needs to be generated against the substrate, since the endogenous protein frequently needs to be immunoprecipitated before the phospho-specific antibodies can be used effectively. These antibodies are then exploited to investigate whether the protein becomes phosphorylated at the relevant site(s) in cells stimulated with signals that are known to activate the kinase of interest. To establish whether the protein is phosphorylated in cells by the protein kinase used for the KESTREL screen, or by another protein kinase that is activated in response to the same agonist, it is necessary to demonstrate that the phosphorylation of the endogenous substrate is prevented by relatively specific pharmacological inhibitors of the kinase. It is also necessary to show that phosphorylation does not occur in cells and tissues of mice that do not express the kinase, or in cells from knock-in mice that express a catalytically inactive mutant of the kinase. A summary of the KESTREL procedure and the time it has taken us on average to accomplish each step of the procedure is summarized in Table 1 . The following sections provide a brief overview of substrates that have been identified using KESTREL.
VALIDATION OF KESTREL AND ITS EXPLOITATION TO IDENTIFY EF2K (ELONGATION FACTOR 2 KINASE) AS A SUBSTRATE FOR p38δ MAPK (MITOGEN-ACTIVATED PROTEIN KINASE)
Our initial paper validated the KESTREL procedure by using it to identify well-authenticated substrates of several protein kinases [1] . For example, ERKs (extracellular-signal-regulated kinases) 1 and 2, or p38α and p38γ MAPK, were the only substrates detected when muscle extracts were incubated with Mg[γ -32 P]ATP and either MKK1 (MAPK kinase-1) or MKK6, respectively. Similarly, MAPKAP-K2 (MAPK-activated protein kinase-2) was detected as a substrate for p38α MAPK [1] . We have also identified MKK1 as a substrate for c-Raf, glycogen synthase as a substrate for GSK3 (glycogen synthase kinase 3), tau as a substrate for CDK5 (cyclin-dependent protein kinase 5) and HSP27 (heat-shock protein of 27 kDa) as a substrate for MAPKAP-K2 in cell extracts (C. Eyers, A. Knebel, C. Morris and P. Cohen, unpublished work), which gave us confidence that the approach was going to identify novel substrates for a variety of protein kinases.
One of the first substrates we discovered with KESTREL was EF2K as a specific substrate for p38δ MAPK. p38δ MAPK, but not the closely related p38α, p38β or p38γ MAPK, phosphorylated EF2K at Ser 359 , causing its inactivation. Cellular stresses that activate p38δ MAPK triggered the phosphorylation of Ser 359 and inactivation of EF2K and, as a consequence, induced the dephosphorylation and activation of its substrate EF2 (elongation factor 2). Thus activation of p38δ MAPK can stimulate the elongation stage of protein synthesis.
Interestingly, we found that IGF-1 (insulin-like growth factor 1) also triggered the phosphorylation of EF2K at Ser 359 and the activation of EF2. However, in contrast with stress-induced phosphorylation of Ser 359 , IGF-1-induced phosphorylation of Ser 359 was prevented by prior incubation of the cells with rapamycin. Thus EF2K can be inactivated either by p38δ MAPK or by an as yet unidentified rapamycin-sensitive protein kinase, in response to IGF-1 [1] .
IDENTIFICATION OF NEW PHYSIOLOGICAL SUBSTRATES FOR SGK1 (SERUM-AND GLUCOCORTICOID-INDUCED KINASE 1) AND PKB (PROTEIN KINASE B)
SGK1 is the protein kinase that is most similar to PKB (54 % identity in the catalytic domain). Both protein kinases are activated by signals that stimulate PI3K (phosphoinositide 3-kinase) and phosphorylate serine and threonine residues that lie in Arg-XaaArg-Xaa-Xaa-Ser/Thr motifs. Overexpression studies performed in other laboratories suggested that these protein kinases may have several physiological substrates in common, such as GSK3 [2, 3] and FOXO3a [4] . However, it was shown subsequently that the IGF-1-induced phosphorylation of these proteins was not impaired in embryonic stem cells that express PDK1[L155E] (the L155E mutant of 3-phosphoinositide-dependent kinase 1), which activates PKB normally, but cannot activate SGK1 [5] . Moreover, other laboratory groups have shown that the phenotypes of PKBand SGK1-knockout mice are quite different. For example, mice that do not express the PKBβ isoform have impaired insulinstimulated glucose uptake and become diabetic as they age [6] , while SGK1-deficient mice have impaired ability to adequately decrease Na + ion excretion when dietary NaCl is restricted [7] . By carrying out KESTREL screens with both protein kinases in parallel, we were able to identify proteins that are phosphorylated by SGK and not PKB, and vice versa. 
Identification of NDRG1 (N-myc downstream-regulated gene product 1) and NDRG2 as physiological substrates for SGK1
We used KESTREL to identify NDRG1 and NDRG2 as proteins that are phosphorylated by SGK, but not by PKB, in vitro ( Figure 1A) . Through the use of SGK1-deficient cells and siRNA (small interfering RNA) technology, we were able to establish that both proteins are phosphorylated by SGK1 in cells, one of the first physiological substrates of this protein kinase to be identified [8] . We found that SGK1 phosphorylates NDRG2 at three sites and NDRG1 at five sites, three of which, Thr 346 , Thr 356 and Thr 366 , are located in identical nonapeptide sequences that are repeated three times near the C-terminus of NDRG1. These residues in NDRG1 and NDRG2 are not phosphorylated in tissues from SGK1 −/− mice. Interestingly, phosphorylation by SGK1 primes NDRG1 for phosphorylation by GSK3 at Ser 342 , Ser 352 and Ser 362 respectively. These three sites are also phosphorylated in HeLa cells, and their phosphorylation is suppressed by pharmacological inhibition of GSK3 or in SGK1-deficient cells. Thus the C-terminus of NDRG1 is phosphorylated at six positions by the combined actions of SGK1 and GSK3 [8] .
The nonapeptide repeat present in NDRG1 lies in a canonical Arg-Xaa-Arg-Xaa-Xaa-Ser/Thr sequence, which is normally phosphorylated by either SGK or PKB. Interestingly, we found that a synthetic peptide corresponding to the nonapeptide repeat is phosphorylated efficiently by SGK, but extremely poorly by PKB. This allowed us to identify three residues in this sequence at positions n + 1, n + 2 and n − 4 (where n is the site of phosphorylation) that are negative determinants for phosphorylation by PKB, but much less so for SGK1. The mutation of these three residues to other amino acid side chains transforms the nonapeptide into an excellent substrate for either PKB or SGK1 [9] . These findings may facilitate the identification of further SGK-specific substrates.
NDRG1 was originally identified by other laboratory groups as a protein which is up-regulated by a variety of stress signals, p53 expression and DNA damage, and its expression is inhibited under conditions of cell growth. It was also identified as a protein that is up-regulated in mouse embryos that are deficient in N-myc and down-regulated in tumours. Its expression is induced by stimuli that promote differentiation in cancer cells, and it has been reported to be a metastasis-suppressor gene. A mutation in NDRG1 is the cause of Charcot-Marie-Tooth disease type 4D, a hereditary disease that is characterized by muscle weakness, sensory loss and neural deafness: symptoms caused by demyelination of peripheral nerves. There is Schwann cell dysfunction in NDRG1-deficient mice, suggesting that NDRG1 is essential for maintenance of the myelin sheaths in the peripheral nerves. NDRG2 has been reported to be induced by mineralocorticoid hormones, such as aldosterone, which also induce the expression of SGK1 (reviewed in [8] ). It will clearly be of considerable interest to understand how the phosphorylation of NDRG1 and NDRG2 regulates the functions of these interesting proteins.
METTL1 (methyltransferase-like protein 1) as a physiological substrate for PKB
We used KESTREL to identify METTL1 as a protein that is phosphorylated efficiently by PKB, but very poorly by SGK ( Figure 1A ). PKB phosphorylated METTL1 at Ser 27 , and this residue became phosphorylated in IGF-1-stimulated cells. The IGF-1-induced phosphorylation was prevented by inhibition of PI3K, did not occur in cells deficient in PDK1 (the 'upstream' activator of PKB), but occurred normally in cells that express the PDK1[L155E] mutant instead of the wild-type protein; this mutant activates PKB, but not SGK [5] . These results establish METTL1 as a new physiological substrate for PKB [10] .
METTL1 was shown by Eric Phizicky and colleagues to catalyse the 7-methylation of a guanosine residue found at position 46 in many tRNAs [11] . We found that the PKB-catalysed phosphorylation of METTL1 at Ser 27 inactivated this enzyme [10] . The mutation of Ser 27 to Asp or Glu, to mimic the effect of phosphorylation by introducing a negative charge, also inactivated METTL1. Disruption of the Saccharomyces cerevisiae orthologue of METTL1 produced a yeast strain that could not grow on minimal media, but grew normally on glucose-containing media. This defect was suppressed by the co-expression of human METTL1 and its regulatory subunit WDR4, but not by expression of the METTL1[S27D] or METTL1[S27E] mutants. Thus the introduction of a negative charge at position 27, whether by phosphorylation or mutation, produces an enzyme that is inactive in cells [10] .
Remarkably, the sequence surrounding Ser 27 (RQRAHSNP) is perfectly conserved from yeast to humans, indicating that this region of METTL1 is critical for function and that the inactivation of METTL1 by phosphorylation is a control mechanism that is likely to operate in all eukaryotes.
The studies that we have carried out so far suggest that, under the adverse conditions of nutrient deprivation, the m 7 G 46 modification of tRNA is important to maintain a minimum rate of protein synthesis, but, when the level of insulin is elevated and the availability of amino acids and glucose is high, the m 7 G 46 modification is benign. It will clearly be important in the future to delineate the precise role of this tRNA modification before the full physiological significance of these findings can be understood.
Identification of FLNc (filamin C) and CRHSP24 (calcium-regulated heat-shock protein of 24 kDa) as new physiological substrates for PKB
We also identified FLNc [12] and CRHSP24 [13] as proteins in cell extracts that are phosphorylated efficiently by PKB, but not by SGK, in vitro, and went on to establish that they are physiological substrates for PKB using a similar methodology to that described above for METTL1 [10] .
FLNc, a muscle-specific splice variant of the actin-binding protein filamin, contains a 78-amino-acid-residue insert located between the 19th and 20th immunoglobulin-like repeats, of which 24 are present in all filamin variants. Strikingly, it is within this insert region unique to FLNc that the residue phosphorylated by PKB (Ser 2213 ) is situated [12] . In skeletal muscle, FLNc is known to associate with the Z-disc of the myofibrillar apparatus and to bind directly to the Z-disc proteins FATZ (filamin-, actinin-and telethonin-binding protein of the Z-disc) and myotilin. It also interacts with sarcoglycans α and β at the sarcolemma, which are components of the dystrophin-dystroglycan complex (reviewed in [12] ). It will be interesting to investigate whether phosphorylation by PKB affects the interaction of FLNc with these proteins.
We found that CRHSP24 is phosphorylated at Ser 52 by PKB in response to signals that activate PI3K [13] , and, interestingly, this site is located just proximal to the cold-shock domain that comprises 40 % of this protein. CRHSP24 was originally identified by others as a protein that underwent dephosphorylation by the calcium/calmodulin-dependent protein phosphatase 2B (also called calcineurin) in cholecystokinin-stimulated pancreatic acinar cells [14, 15] . However, dephosphorylation was only monitored by a change in the electrophoretic migration of CRHSP24, and the phosphorylated residue(s) was (were) not identified. Interestingly, the phosphorylation of CRHSP24 at Ser 52 does not decrease in response to the calcium ionophore ionomycin in HEK-293 (human embryonic kidney) cells, suggesting that calcineurin may dephosphorylate another site(s) on the protein [13] .
IDENTIFICATION OF CALDESMON AS A SUBSTRATE FOR K-CYCLIN-CDK6
KSHV (Kaposi sarcoma-associated herpesvirus) encodes a D-like cyclin (K-cyclin), which is thought to contribute to the oncogenicity of the virus. K-cyclin activates cellular CDK6, generating an enzyme which is thought to have a substrate selectivity deviant from CDK6 or CDK4, which are normally activated by cellular D-cyclins. KESTREL has been used to identify caldesmon as a novel substrate for K-cyclin-CDK6 complexes that is not phosphorylated by D-cyclin-CDK6 [16] .
Caldesmon is known to play a central role in regulating microfilament organization, by controlling cell shape, adhesion, cytokinesis and motility. K-cyclin-CDK6 phosphorylated four SerPro/Thr-Pro sequences near the C-terminus of caldesmon, abolishing its ability to bind to its effector protein actin and its regulator protein calmodulin. Moreover, caldesmon became hyperphosphorylated in cells following K-cyclin expression and in KSHV-transformed lymphoma cells. Furthermore, expression of exogenous K-cyclin resulted in microfilament loss and changes in cell morphology that were dependent on CDK activity and were reversed by expression of a caldesmon mutant that could not be phosphorylated. Taken together, these data strongly suggest that K-cyclin expression induces the phosphorylation of caldesmon, modulates its activity in cells and through this regulates microfilament function. These findings establish a novel link between KSHV infection and the regulation of the actin cytoskeleton, which is likely to contribute to the oncogenicity of the virus [16] .
IDENTIFICATION OF THE CRMPs (COLLAPSIN-RESPONSE MEDIATOR PROTEINS) AS NEW PHYSIOLOGICAL SUBSTRATES FOR GSK3
A KESTREL screen of a brain extract led to the identification of CRMP2 and CRMP4 as physiological substrates for GSK3 [17] . Expression of wild-type CRMP2 in primary hippocampal neurons of SH-SY5Y neuroblastoma cells promoted axon elongation. However, a CRMP2 mutant that cannot be phosphorylated by GSK3 has a greatly reduced ability to promote axon elongation, similar to observations made after pharmacological inhibition of GSK3. These observations suggest that the phosphorylation of CRMP2 by GSK3 alters the ability of CRMP2 to promote axon elongation [17] . Interestingly, the amino acid residues targeted by GSK3 comprise a hyperphosphorylated epitope, first identified in plaques isolated from the brains of patients with Alzheimer's disease [18] . GSK3 has also been implicated in the hyperphosphorylation of other proteins that are enriched in plaques, such as the amyloid precursor protein [19] and the neurofilament L, M and H proteins [20] .
IDENTIFICATION OF SUBSTRATES FOR SAPKs (STRESS-ACTIVATED PROTEIN KINASES)

Identification of hnRNP (heterogeneous nuclear ribonucleoprotein) A0 as a new physiological substrate for MAPKAP-K2
Bacterial infection triggers the production of PICs (proinflammatory cytokines), such as TNF (tumour necrosis factor), which then mount the immune responses that fight and destroy the invading pathogen. Stimulation of PIC production is mediated by stabilization and/or increased translation of the mRNAs encoding PICs and involves neutralization of the destabilizing effects of the AREs (AU-rich elements) that are present in the 3 non-coding region of these mRNAs. The signalling pathway leading to activation of MAPKAP-K2 is required for the LPS (lipopolysaccharide)-induced production of several PICs, because drugs that inhibit p38α MAPK suppress the production of TNF [21] , and there is an 85-90 % reduction in LPS-induced production of TNF, interleukin 6 and interferon γ in mice that are deficient in MAPKAP-K2 [22] . We reasoned that MAPKAP-K2 may exert its effects on PIC production by phosphorylating proteins that are associated with the ARE and therefore purified this fraction by affinity chromatography, before carrying out a KESTREL analysis. This led to the identification of hnRNP A0 as a new physiological substrate for MAPKAP-K2 [23] . LPS stimulation induced the binding of hnRNP A0 to the mRNAs encoding TNF and cyclo-oxygenase 2 and, most strikingly, to MIP2 (macrophage inflammatory protein 2). hnRNP A0 is therefore a candidate to be involved in mediating the stabilization/translation of these PICs [23] .
Identification of CapZIP (CapZ-interacting protein) as a substrate for several SAPKs
A protein that is only expressed in muscle and in cells of the immune system was identified in three separate KESTREL screens using MAPKAP-K2, p38γ MAPK or p38δ MAPK [24] . It was found to bind specifically to CapZ, an actin-capping protein, and was therefore termed CapZIP.
MAPKAP-K2 phosphorylated CapZIP at Ser 179 in vitro and in cells exposed to stress stimuli. The anisomycin-induced phosphorylation of Ser 179 was prevented by SB 203580, consistent with phosphorylation by MAPKAP-K2 and/or the closely related isoform MAPKAP-K3. In contrast, osmotic-shock-induced phosphorylation was not prevented by SB 203580, indicating that at least one other SB 203580-insensitive protein kinase can phosphorylate this site in cells.
p38γ MAPK or p38δ MAPK or JNK1 (c-Jun N-terminal kinase 1) phosphorylated CapZIP at multiple sites, four of which were identified. One of these (Ser 108 ) was studied in detail and was shown to become phosphorylated in cells that were exposed to anisomycin or osmotic shock. However, the relevant protein kinase(s) is unclear, because the osmotic-shock-induced phosphorylation of Ser 108 occurred normally in splenocytes from mice that do not express either p38γ MAPK or p38δ MAPK. Also, the phosphorylation was not suppressed by SB 203580 or by pharmacological inhibition of the classical MAPK cascade, which excludes the involvement of SAPK2a/p38α, SAPK2b/p38β, ERK1 or ERK2. The relevant protein kinase(s) could therefore be one or more JNK isoforms, since CapZIP is a remarkably good substrate for JNK1 in vitro [24] . Alternatively, CapZIP may be targeted by several SAPKs.
Importantly, stimuli that induce the phosphorylation of CapZIP trigger its dissociation from CapZ [24] . CapZ is a heterodimer composed of two subunits, CapZα and CapZβ. It is thought to regulate actin filament assembly and organization by binding to the barbed ends of the filaments. Here it works as a 'cap', preventing the addition and/or the loss of actin monomers at the ends, and can therefore reduce the length of actin filaments. One could therefore envisage that the interaction between CapZIP and CapZ affects the ability of the latter to remodel actin filaments. Such an effect is presumably lost when CapZIP is phosphorylated and dissociates from CapZ.
HSP27, a well-established substrate for MAPKAP-K2, is known to act as an actin cap-binding protein when phosphorylated, and the phosphorylation of this protein appears to contribute to enhanced actin polymerization and reorganization in vivo, a process thought to be involved in protecting the cytoskeleton from stress-induced damage, thereby aiding cell survival [25] . Interestingly, it was reported recently that the amount of HSP27 and CapZ associated with actin increased and decreased respectively when smooth muscle from the saphenous vein was exposed to haemodynamic stress [26] . Both of these changes would favour the generation of contractile stress fibres.
SAKS1 (SAPK-substrate 1)
SAKS1 is another protein that was identified by a KESTREL screen using p38γ MAPK [27] . It was found to be phosphorylated at Ser 200 in vitro not only by p38γ MAPK, but also by p38δ MAPK and JNK1, and this residue became phosphorylated when HEK-293 cells were exposed to cellular stresses, such as osmotic shock. However, as for CapZ, the SAPK(s) which phosphorylates SAKS1 in vivo has yet to be identified because phosphorylation occurred normally in cells that do not express either p38γ MAPK or p38δ MAPK, and nor was phosphorylation suppressed by SB 203580 or pharmacological inhibition of the classical MAPK cascade.
SAKS1 contains an N-terminal UBA (ubiquitin-associated) domain and a C-terminal UBX (ubiquitin-like) domain. The UBA domain binds polyubiquitin, while the UBX domain interacts specifically with VCP (valosin-containing protein), a member of the AAA (ATPases associated with various cellular activities) family of ATPases. VCP has been implicated in many cell functions, including the ATP-dependent unfolding of polyubiquitinated proteins. VCP can bind simultaneously to SAKS1 and PNGase (peptide N-glycanase), an enzyme that removes highmannose-containing oligosaccharides from misfolded glycoproteins. SAKS1, VCP and PNGase can be immunoprecipitated from cell extracts with antibodies against S5a, a component of the 19 S proteasome that binds to polyubiquitinated proteins. These observations suggest that SAKS1 is an adaptor protein that directs VCP to polyubiquitinated proteins and PNGase to misfolded glycoproteins, facilitating their unfolding, deglycosylation and destruction by the proteasome [27] . The phosphorylation of SAKS1 at Ser 200 is presumed to regulate the function of SAKS1 in a way that is not yet understood.
THE KESTREL METHOD -A SUMMARY
Over the last 5 years, we and others have demonstrated that KESTREL is a powerful and rapid method for identifying new physiological substrates of protein kinases ( Table 1 ). The method requires active purified kinase to be available and at least 500 mg of cell extract protein. This quantity of cell extract is necessary to enable low-abundance proteins to be isolated in the microgram amounts needed for their identification and phosphorylation site analysis. The KESTREL method can be used for nearly all protein kinases, apart from the very few that have an exceptionally high K m for ATP (> 0.15 mM). In practice, we have found that the activities of these protein kinases are so low at the concentration of ATP used for the initial KESTREL screen (20 nM) that their substrates are not detected in cell extracts. Using the KESTREL method, we and others have identified new substrates for eight different protein kinases ( Table 2 ). The method has been exploited to identify new substrates for SAPK4/p38δ [1] , SGK1 [8] , PKB [10, 12, 13] , K-cyclin-CDK6 [16] , GSK3 [17] , MAPKAP-K2 [23, 24] , Aurora A [28] and SAPKs [24, 27] , demonstrating that it is of wide application. Even when the substrate has turned out not to be phosphorylated by the protein kinase used for the initial KESTREL screen, it has usually been shown to undergo phosphorylation at the relevant site(s) in cells by a related protein kinase [24, 27] or another protein kinase [29] .
The major frustration encountered using KESTREL, in common with any other methods used to screen for novel substrates of protein kinases, is that many of the new substrates identified have turned out to be proteins that had either never been studied previously or whose functions were largely unknown (e.g. CapZIP, SAKS1, NDRG1/2, CRHSP24 and FLNc). Therefore, even though it was relatively easy to establish that these proteins were physiological substrates for particular protein kinases, a huge amount of effort was still required to obtain information about their functions, before the role of phosphorylation could be addressed. Nevertheless, a huge number of interesting projects have been opened up by the studies that have been undertaken, whose full biological significance will be revealed more fully in the years to come.
